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• ->r  1 ,r  prerisi  >n  ho.-er  stuales1*  ’ have  shown  that  the  :n 

t!.--:  ;iiA  i’  ;t.r  ivi-  f 1 »ght  fnt'onwK  ion  with  a pictorial  terrain  primer* 

; J-hi.  » :■"(<  i -’i.gie  display  is  t.sfful  for  appro.icf  .>  . 

r »'  ina  t : vr.  VJ  tr.-us.  T c .!,r‘lc«tltv  of  holding  position  in  a manual  pi. 
hover  t -.<*  retired  that  ground  position  and  rate  o*«  displayed  t<*  tt.. 

In  those  s line  stuic.,  .1  was  also  shown  that  the  positioning  errors 

• >;  i ;u*  order  of  r>  f*-et  .as  and  less.  Although  such  a figure  might  sal - 

r.  cuf renents  for  Medevae  and  Advanced  Helicopter  (AAH)  hover  missions,  It 

• ! not  sjti  ji  . the  heavy  lift  H«  licopter  HLH)  mission.  To  Increase  the 

r occur  v , and  perhaps  decrease  pilot  workload.  acceleration  information 
added  fo  the  Integrated  Tr.ijcctcrv  Furor  Dtsplav  <|TF7».  This  new  symbol 
»r  1 i/t.inary  test  inp  r*-de-,,»  • he  posit  i-oning  errors  by  5P  percent  and  p [ I >t 
.t.t  was  vvrv  1 »v i-rahle  r.o  i s ifcplcMt.itation#  in  the  displav.  As  a re~ 

. d ..n  ;ir.«tl..t  l«u.  ....ui;  I h*-  tactical  Avionics  System  Simulate; 

> w.is  condu' t«d  »o  investigate  the  merit:;  of  the  acceleration  symbol. 


h.  Object Ivo.  The  objective  01  ibis  study  was  to  determine  the  appr<  - 
•«lt  dtsplav  gains  for  the  acceierat Ion,  velocity,  and  position  symbology  an 
. function  oi  three  different  control  systems,  the  Automatic  RtahiJ i ration 
. 1 junc  n r (ASH),  the  Stabilltv  Augmentation  System  (SAS) , and  the  Hover  Aug- 
tat  ion  System  f:h\S).  The  result  ; of  me  study,  optimised  display  gat  ns  for 
. cision  hover,  would  be  incorporated  into  the  Research  Aircraft  in  Visual 
ir->nnier.t  (RAVf)  project  precision  hover  flight  tests. 

SUMMARY  OF  RESULTS  “ ~ 

The  results  of  the  experiment  have  demonstrated  that  superimposed  svm- 
logy  cf  ground  referenced  acceleration  along  with  velocity  and  position  on 
1 id* o image  is  required  to  obtain  minimal  hover  position  errors.  Also,  for 
' or tain  combinations  of  displayed  gains,  the  hover  position  errors  appeared  to 
he  independent  of  the  flight  control  augmentation. 


Several  levejs  of  displayed  wains  were  investigated  and  some  of  the  re- 
■Its  reached  are  summarized  as  Col  lows: 

a.  Acceleration,  velocity,  and  position  gains  of  2ft/s^:  2.5  ff./s:  12.5 
:.o.t,  respectively,  per  inch  of  symbol  travel  was  found  to  be  optimum. 

b.  The  acceleration  vector  with  the  ITED  display  washed  out  the  effect 
of  the  different  control  augmentation  systems. 

c.  Mean  position  accuracies  in  the  order  of  1 foot  and  less  can  h*  ob- 
tained with  manual  control  and  the  addition  of  an  acceleration  vector  to  the 
integrated  Trajectory  Frror  Display  (TED). 


^Tsoubanoa,  C.;  Covington,  R.,  "Pro  flight  Test  Simulation  of  Superir,  .•*?«? 
>r.  /rated  Trajectory  Error  Zicplayo,"  Technical  Report  ECOM  4184,  j Jattuary  i9?i> 
'’Dukes,  T.  A.;  Keane,  W.  P.;  TBoubanoe,  C.  M. iPf’Imge  and  Superimposed 

..yr  ology  - An  Integrated  Piaplay  for  fieliaaptere* w AHS  Conference*  Washington, 
|;C,  May  1973. 


d.  Displayed  acceleration  was  useful  in  stabilizing  the  helicopter  when 
equipped  with  a Stability  Augmentation  System  (SAS)  rate  feedback  flight  con- 
trol system. 

e.  Approach  velocity  had  to  be  restricted  to  less  than  5 knots  in  both 
axes  before  switching  into  the  hover  mode  to  avoid  overshooting  the  target. 

f.  The  average  time  required  by  the  pilots  to  minimize  the  positional 
errors  before  data  collection  was  initiated  was  25  seconds. 

g.  All  subject  pilots  were  in  favor  of  having  the  acceleration  informa- 
tion displayed,  although  they  felt  it  made  then;  "work'1  harder. 

3.  SYSTEM  DISCUSSION 


a.  Aircraft  Model.  The  aircraft  dynamics  used  in  the  man/machine  simu- 
lation represented  a CH-53A  linear  perturbation  model.  The  helicopter  model 
including  a full  Automatic  Flight  Control  System  (AFCS)  with  both  heading  and 
altitude  hold  were  programmed  on  analog  computers  in  the  Tactical  Avionics 
System  Simulator  (TASS). 

The  model  was  "flown"  by  the  pilot  by  use  of  the  standard  flight  controls, 
cyclic,  collective,  and  pedals.  The  aircraft  state  outputs  were  used  to  drive 
the  basic  cockpit  instruments;  the  four  degree  of  freedom  (roll,  pitch,  yaw, 
heave)  motion  system  tor  pilot  motion  cues  and  also  a visual  system.  Random 
gust  disturbances  were  also  injected  into  the  model  in  the  longitudinal  and 
lateral  axes  to  achieve  a more  realistic  simulation.  These  gust  disturbances 
were  passed  through  a first  order  filter  with  a 0.3  rad  cutoff  frequency  and 
were  adjusted  to  provide  approximately  6 ft/s  rras  levels.  Although  they  are 
much  higher  than  previous  experiment^,  it  was  felt  that  since  acceleration 
uou.d  be  sensitive  to  these  gusts  more  severe  valued  disturbances  were  re- 
quired, complete  system  integration  with  the  pilot  in  the  loop  is  shown  in 
bloc!  •>  <-»•,  as  Ijgure  1. 

b.  Control  Systems. 

(1)  .Stability  Augmentation  System  (SAS).  In  order  to  simulate  the 
SAS  control  system,  the  attitude  loops  of  the  AFCS  in  pitch  and  roll  were  dis- 
engaged leaving  a basic  SAS.  This  control  system  tended  to  be  oscillatory  in 
both  axes  and  almost  impossible  to  stabilize  under  instrument  flight.  The 
altitude-hold  and  heading-hold  loops  were  engaged. 

(2)  Automatic  Stabilization  Equipment  (ASE).  This  control  system 
is  the  full  AFCS  as  provided  by  Sikorsky  Aircraft  Company. 

(3)  Hover  Augmentation  .System  (HAS).  The  third  control  system  used 
In  the  experiment  was  the  HAS.  The  additional  control  augmentation  was  used 
only  in  the  longitudinal-lateral  axis.  The  altitude  and  heading-hold  was  de- 
rived from  the  standard  AFCS.  The  gains  fur  the  HAS  velocity,  rate  and  at- 
titude feedback  loops  and  chose  of  the  forward  paths  were  selected  by  the 
manufacturer  and  experimenter,  respectively. 
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c.  Displays.  Since  the  pilot  was  an  active  controller  in  the  experiment, 
his  environment  in  the  cockpit  was  kept  as  near  as  possible  to  familiar  sur- 
roundings. The  instrument  panel  contained  the  basic  instruments  found  in  most 
helicopters.  These  included  radar  altimeter,  airspeed,  flight  director,  rate 
of  climb,  heading,  turn  and  hank.  Power  setting  was  provided,  but  no  other 
engine  instruments  were  presented.  These  instruments  were  placed  around  a 14- 
inch  TV  monitor  (Figure  d)  on  which  both  a terrain  video  image  representing  a 
38  by  48  degree  f ield-of-view  (FtiVl  and  the  Integrated  Trajectory  Error  Display 
(ITED),‘  shown  in  Figure  3,  were  superimposed.  Although  the  simulation  study 
goal  was  deterninjt ion  ot  the  acceleration,  velocity,  and  position  gain  combi- 
nations tor  minimum  hover  position  errors,  the  complete  ITED'  symbology  was 
used  in  the  approach  to  a hover  maneuver  to  eliminate  the  scanning  for  atti- 
tude, altitude,  and  rate  of  climb  information  since  the  approach  mode  was  an 
integral  part  of  the  experiment. 


d.  Sensors. 


(U  Electronic  Location  Finder  (ELF).  The  ELF  system  operates  on 
the  principle  that  the  phase  shift  of  a radio  wave  propagated  through  space  is 
proportional  to  the  wavelength  and  the  distance  traveled.  The  system  measures 
the  phase  difference  at  each  of  two  pairs  of  accurately  spaced  receiving  an- 
tennas to  determine  the  angle  of  the  signal  from  the  ground  beacon.-  This 
technique  is  more  common lv  known  as  a phase-comparison  interferometer. 

The  basic  signals  received  bv  the  body  mounted  antennas  for  angle  meas- 
urements are  with  respect  to  the  nominal  situation  when  the  helicopter  is 
hovering  perfectly  over  the  radiation  source.  These  signals  are  compensated 
for  roll  and  pitch  attitudes.  The  resultant,  characteristic  is  such  that  sat- 
uration occurs  near  +4 5 r angle  of  the  beacon  with  respect  to  the  antennas  both 
longitudinal  Ivand  laterally.**  The  sketch  tn  Figure  4 shows  the  ELF  block  dia- 
gram. 

In  the  most  straightforward  homing  procedure,  the  helicopter  is  flown 
toward  the  ground  beacon  by  keeping  th  lateral  deviation  centered  while  the 
longitudinal  indication,  depending  at  the  altitude,  would  be  ot  full  scale. 

The  longitudinal  indicator  moves  off  full  scale  only  when  the  distance  is 
about  the  same  as  the  altitude.  In  other  words,  once  the  helicopter  is  in- 
side the  so-eal'ed  +45*  KEF  com-,  both  longitudinal  and  lateral  deviations 
will  occur.  In  order  to  simplify  the  calculations  of  the  displayed  deviations, 
tonsuioring  the  saturation  near  +45*,  the  following  small  angle  approximations 
are  made  for  the  measured  angles: 


Left,  Right  * > x~  + v*2  + J»- 


^Preliminary  Technical  Manual , 
r,n  Find?**  fuate*  * , f’immr-1, 
‘‘Contract  DMB06-?2-CMhl  Phase  Hi. 


iicri  iK(i  gfiintewK&t-  Sl&atpmii! 

Cubic  Corporation. 

Final  Report,.  "Tvttegwtted  display 


* 


I.  A.  Dukes,  September  1973. 
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Figure  1.  Integrated  trajected  error  display  ( 1'TKD 


■ V-ir-if-r*- «■  ^ 


The  sketch  shown  in  Figure  5 indicates  this  simple  geometry. 


The  saturation  is  approximated  by  limits  when  the  above  approximations 
reach  values  of  *1  f/iY  The  general  nature  of  the  relationships  is  still  re- 
tained with  these  simplifications. 

However,  for  low  level  flight,  the  distance  represented  by  the  cone  is 
not  sufficient  for  deceleration  to  a hover.  Therefore,  overshoots  are  gen- 
erally unavoidable.  A technique  has  been  devised  by  T.  A.  Dukes  to  overcome 
this  problem.4 

(2)  Accelet  at  ion  Sensor  (VG-341) . ~ The  derivation  of  acceleration 
was  simulated  to  be  pure  acceleration  as  would  be  derived  from  the  vertical 
gyro  VS- 341.  Although  the  gyro  was  not  simulated,  its  limits  were  incorpora- 
ted. Basically,  the  VG-Sdi  is  a vertical  gyro  with  accelerometers  mounted  on 
the  pitch  and  roll  gimbals.  The  gyre  angles  within  the  accelerometer  is 
linear  a ad  provides  the  appropriate  acceleration  In  the  hori cental  plane. 
Since  acceleration  is  gust  sensitive  and  noisy,  attitude  which  is  not  sensi- 
tive to  the  high  frequencies,  vans  also  used  in  the  experiment.  Only  one  coll 
was  included  using  attitude  and  this  cell  had  approximately  the  same  gains 
as  {Mire  acceleration. 


-VG-341  - Vertical  Gyroscope  - Sales  Specification,  Sperry  Flight  Systems 
Division,  Phoenix,  Arizona. 


e . Experimental  Design  Plan. 

(1)  Background , This  experiment  was  baaed  on  the  results  obtained 
in  a previ.ous  simulation1  and  a preliminary  study  investigation  of  the  accel- 
eration vector.  In  this  preliminary  acceleration  vector  investigation,  subject 
pilot  performance  and  comments  indicated  the  acceleration  vector  a necessary 
and  required  symbol  for  the  precision  hover  task. 

In  the  above  mentioned  simulation1  the  results  of  one  cell,  Ig,  indicated 
that  when  the  position  and  velocity  displayed  gains  were  changed  from  25  ft: 

5 ft/s  per  inch  tol2.5  ft:  5. Oft/s  per  inch  pilot  performance  improved.  How- 
ever, the  increased  "quickening"  forced  the  pilot  to  "work"  or  concentrate  r.oxe 
at  the  gi.en  task.  The  increased  workload  was  not  readily  accepted  by  the  sub- 
ject pilots.  Their  general  comment  was  to  return  to  the  "other  case"  or  25 
ft:5  ft/s  per  inch  displayed. 

It  was  then  felt  that  something  should  be  added  with  enough  lead  time  to 
drive  the  pilot  to  increase  his  performance  and  yet  not  complain  about  the 
workload.  An  additional  result  from  pilot  comaenf,  which  unfortunately  was 
overlooked,  provided  the  answer  as  to  what  might  be  needed  to  drive  the  pilot 
and  also  increase  his  performance.  These  subject  pilots  felt  that  while  they 
were  in  the  hover  mode,  the  attitude  information  could  have  been  of  more  use 
if  it  was  closer  or  even  on  top  of  the  nominal  hover  point  (Figure  6).  Mhat 
the  pilots  were  asking  for  was  for  something  to  give  them  lead  information 
higher  than  that  provided  by  the  velocity  vector,  or  simply,  acceleration. 

A preliminary  experiment  was  set  up  with  pure  acceleration  driving  the 
velocity  vector  tip  (Figure  3).  In  addition  to  the  acceleration  symbol,  vel- 
ocity and  position  were  also  displayed.  In  this  preliminary  experiment,  the 
pilots  were  enthusiastic  about  the  acceleration  vector  concept;  however,  ad- 
ditional experimentation  was  required  to  provide  the  information  as  to  its 
usefulness.  It  was  then  determined  that  acceleration  should  be  displayed  with 
respect  to  the  tip  of  the  velocity  vector.  With  this  display  configurations, 
the  pilot  positions  the  acceleration  symbol  on  the  position  symbol  and  as  long 
as  he  keeps  the  acceleration  symbol  on  the  position  symbol,  the  vector  sum  of 
acceleration,  velocity,  and  position  will  become  superimposed  on  each  other  as 
the  aircraft  position  errors  are  zeroed  (Figure  ?). 

(2)  Experimental  Design.  The  experiment  was  designed  to  answer  two 
questions: 

(a)  What  combination  of  displayed  acceleration,  velocity,  and 
position  vector  gains  provided  best  hover  position  performance  without  sacri- 
ficing pilot  acceptance? 

(b)  Can  the  display  of  acceleration  information  improve  pilot's 
hover  performance  when  the  flight  control  systems  ere  varizd? 

With  these  two  questions  in  mind,  the  design  plan  was  formulated . 
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Figure  6.  ITED  symbology  without  acceleration 


Figure  7.  Acceleration,  velocity,  and  position  diagram 
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Four  helicopter  aviators  were  selected  as  subjects  for  this  study;  two 
military  and  two  civilians.  Their  experience  ranged  frost  combat  to  project 
and  test  pilots.  Although  all  were  not  qualified  to  fly  a CH-53A,  their  ex- 
perience included  other  military  aircraft  similar  to  the  CH-53A  and  for  the 
study  in  question  it  was  decided  that  the  aircraft  model  should  not  become  a 
factor  in  selecting  the  pilots.  The  control  systems  were  selected  on  the  basis 
of  what  systems  are  presently  available  and  future  designs  were  not  considered. 
They  included  the  full  AFCS  of  the  CH-53A,  the  HAS  system,  and  a SAS  system. 

Two  positions  and  two  velocity  gains  were  selected,  25  and  12  ft/inch  and 
5 and  2.5  ft/s  inch,  respectively,  on  the  basis  of  past  studies.1  During  the 
preliminary  teats,  the  acceleration  vector  gain  (2.0  ft/s2/inch  displayed)  was 
selected  empirically  such  that  it  made  the  transition  to  the  nominal  hover 
point  critically  damped.  Using  this  acceleration  gain  as  a base,  three  others 
were  selected.  In  all,  the  acceleration  vector  gains  were  0,  1.33,  2.0,  and 
3.0  ft/s2  inch  on  the  display. 

The  question  of  the  high  frequency  gusts  driving  the  acceleration  vector 
to  a level  that  the  pilot  might  object  was  throughly  considered.  Since  pure 
acceleration  ia  sensitive  to  the  high  frequency  components  of  th^  gusts,  an 
alternative  method  of  using  attitude  was  used  for  the  acceleration  vector  since 
attitude  would  filter  out  the  high  frequency  gusts  components.  It  was  decided 
to  use  one  level  of  attitude  gain  that  closely  approximated  one  of  the  pure 
acceleration  vector  gains  in  the  final  selection  of  the  cells.  This  attitude 
gain  was  4 deg/ inch  or  2.25  ft/s2  inch. 

(3)  Disturbances.  One  level  of  random  winds  were  selected  with  a 
magnitude  severe  enough  to  be  reflected  on  the  pure  acceleration  display  vector. 
The  random  winds  were  digitally  derived  with  a gaussian  distribution  and  filter- 
ed through  a low  pasa  filter  with  a 0.30  radian  break  frequency  and  adjusted  to 
give  an  rms  value  of  6 ft/s.  IVo  independent  generations  were  derived  and  were 
recorded  on  tape.  The  gusts  were  introduced  in  the  longitudinal  and  lateral 
equations  of  motion  of  the  simulated  helicopter  model.  An  analog  recoding  and 
filter  is  shown  in  Appendix  B.) 

(4)  Mission.  The  mission  was  designed  as  one  that  might  have  to  be 
performed  within  a landing  zone,  or  at  a depot,  in  moving  containers  from  point 
A to  point  B. 

The  aircraft  was  trimmed  at  100-foot  altitude  and  approximately  300  feet 
from  the  target.  The  pilot  was  instructed  to  make  an  approach  to  the  target 
or  landing  xsna  and  terminate  in  a hover  altitude.  After  performing  a 2-minute 
hover,  the  pilot  wee  presented  with  a new  position  signal  on  his  display,  again 
approximately  309  feet  away.  Once  again  the  pilot  had  to  go  from  hover  to  ap- 
proach by  throwing  a toggle  switch  on  the  collective.  This  switch  controlled 
the  scale  factors  in  velocity  from  20  knots  per  inch  in  approach  to  either 
5 or  2.5  ft/s  inch  in  hover,  and  position  from  25  ft/inch  in  approach  to  12.5 
ft/inch  in  hover.  By  having  the  pilot  fly  to  two  different  areas,  only  one 
replication  of  each  cell  was  used  in  the  experiment. 
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' i%i*.  t ■ioiioct  i q.i  Control.  The  pilot  co  itrolled  data  collection 

int  o u-  tsl  t im.-mly  »'r.c  i i-’s  sm  c <-*.  ;•  or  abortion  of  a mission.  It  waa  the  in- 
tention to  lot  riio  ; tlot  decide  when  his  position  errors  were  minimized  to 
’n  accept. u in  level  to  initiate  data  collection.  Therefore,  at  hia  discretion, 
depressed  a nionentiry  switch  on  the  cyclic  to  initiate  data  collection. 


o.ncc  it  was  expected  that  tlie  time  for  initializing  the  hover  mode  to 

• .Vita  collection  would  vary  between  control  systems,  this  time  waa  also  record- 

• i as  another  variable.  The  pilots  were  unaware  that  a timing  measuring  device 
.ms  being  used  until  the  end  of  the  experiment.  Pilot  comments  were  also  re- 
ceded by  an  observer 

(h)  PL iot  training.  All  four  subject  pilots  were  used  in  the  TASS 
‘.m.ilator  in  prl  ,->*•  simulation  -studies.  Three  of  the  four,  had  flown  the  panel 
•minted  display  vitn  the  superimposed  svmbology,  the  fourth  pilot  had  flown 
u ; vTnboji’py  without  terrain  and  an  earlier  version  of  the  TTED.^  However, 

; he  ..cce Ier.it  ion  vmbol  was  new  to  all  of  them. 


They  all  received  a briefing  of  tbe  mission  or  task  involved  and  an  ex- 
planar  Lor  of  the  display  with  and  without  acceleration.  They  were  later  in- 
lividuolly  placed  in  the  flight  simulator  cockpit  for  additional  familiariza- 
r Lon  with  the  total  system. 

Because  the  pilots  had  flown  similar  superimposed  symbology  on  terrain 
••ideo  and  were  familiar  with  the  moving  base  simulator,  very  little  training 
vis  required.  The  most  difficult  and  most  time  consuming  aspect  of  the  train- 
ing was  spent  in  the  approach  to  the  hover.  During  this  maneuver  the  pilot 
•witched  the  displayed  information  to  ground  referenced  and  changed  the  scale 
factors  by  a factor  of  ten  they  found  themaelves  experimenting  on  how  to  make 
the  transition  from  approach  Into  hover.  It  was  during  these  training  runs 
that  one  of  the  subject  pilots  devised  the  following  technique: 

With  the  aircraft  approximately  300  feet  to  the  rear  of  the  simulated  ELF 
position  and  at  100-foot  altitude,  Che  displayed  position  symbol  was  saturated 
against  the  limit  of  the  display.  This  subject  suggested  that  a slow  descent 

rate  as  well  as  a forward  speed  of  some  small  value  be  initiated  and  at  the 

instant  the  displayed  position  symbol  came  off  its  limits,  the  subject  would 
y.o  into  the  hover  mode.  Having  done  this,  he  would  then  use  the  acceleration 

vector  symbol  and  follow  it  to  the  nominal  hover  point.  ~ " 

The  above  technique  was  tried  and  after  many  trials  it  was  discovered: that 
or.  long  as  the  pilot  kept  the  forward  speed  below  5 knots7  and  the  rate  of  de- 
scent about  100  ft/min  he  had  sufficient  time  to  transition  from  approach  into 
hover  without  overshooting  the  target. 

The  method  described  above  was  then  used  to  help  train  the  pilots  on  the 
transition  phase  from  approach  to  hover.  It  worked  well  for  the  HAL  and  ASK 
control  systems,  but  when  the  SAS  system  was  selected,  the  pilots  had  more  dif- 
ficulty anc'  required  additional  training.  The  major  part  of  the  training  time 
was  used  to  train  the  pilots  in-flying  with  the  SAS. 

bKcane,  W.  P. ; Milelli,  R.  J.,  "Precise  IFF  Hovering  - An  Operational  lioed 
ond  a Feasible  Solution AGAR!)  Confer  nee.  May  1971. 

7Madison,  J.;  Park,  CPT,  USAF:  fe,  Paul  J.  MAJ,  USAF,  PAVE  Lou  TI 

’.valuation  of  an  Electronic  Locating  nder  Coupler  Syetem  in  the  HH-SP  Heli 
•/ pter , " Technical  Report  No.  73-47,  iveraber  1973. 
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Qac*  again,  it  should  be  noted  that  the  major  pilot  objection  was  only  in 
the  transition  phase  from  approach  to  hover  hot  as  soon  as  hover  was  establish- 
ed, pilots  quickly  damped  the  aircraft  oscillations  and  performed  the  required 
tasks  veil.  Training  data  vas  collected  and  when  the  results  began  to  corre- 
spond with  those  of  past  studies,  formal  data  collection  was  initiated. 

(7)  Cell  Breakdown.  Thirty  one  (31)  cells  were  selected  for  the  ex- 
periment. They  consisted  of  a baseline  cell  used  in  a previous  experiment* 
without  acceleration;  four  pure  acceleration  gains,  two  velocity  gains,  two 
position  gains,  three  control  systems,  and  one  attitude  displayed  acceleration 
gains. 

The  attitude  acceleration  was  not  used  with  all  combinations  of  position 
and  velocity,  because  another  group  was  to  investigate  it.  A breakdown  of  the 
cells  is  shown  in  Figure  8. 

4.  DATA  REDUCTION 

An  on-line  digital  data  reduction  program  was  used.  The  variables  con- 
sidered important  for  this  study  were  the  radial  ground  position,  altitude, 
aircraft  flight  variables  (attitudes  and  rates),  and  pilot  control  movements. 

These  variables  were  sampled  at  5 samples  per  second.  The  digital  program 
calculated  the  mean,  standard  deviation,  rms,  variance,  and  oaximum-minjtaua 
values  for  each  variable  for  the  2-oinute  hover,  and  the  results  were  output 
on  the  line  printer  (Figure  9).  In  addition  to  the  above,  the  observer  also 
recorded  the  time  required  by  the  pilot  to  minimize  the  positional  errors  to 
his  (pilot)  acceptable  level  before  data  collection  was  Initiated 

a.  Presentations.  The  results  obtained  from  the  four  subject  pilots 
during  the  experiment  were  simplified  as  to  the  number  of  variables  (see  Com- 
puter Printout,  Figure  9)  analyzed  and  the  most  significant  and  interesting 
cells  of  the  experiment  are  shown  with  mean,  standard  deviation,  root  mean 
square  (tm)  and  range  in  bar  graph  form  as  a function  of  radial  ground  posi- 
tion performance  and  control  systems  (See  Appendix  C,  Figures  C-l  through  C-10) 
From  these  bar  graphs  a selection  was  made  of  the  cells  that  gave  the  best  re- 
sults in  mean,  rms  radial  ground  position  and  mean  altitude. 

b.  Analysis.  As  stated  previously,  this  study  was  primarily  designed  to 
determine  the  optimum  acceleration  and  velocity  vector  gains  that  reduces  the 
horizontal  position  errors  to  a minimum  level  independent  of  control  systems 
and  without  pilot  objection  with  respect  to  ’’work-load.”  Because  the  experi- 
ment consisted  of  two  different  velocity  vector  gains  with  three  combinations 
of  acceleration  vector  gains,  Che  results  for  minimal  radial  rms  and  mean 
ground  position  for  each  velocity  vector  gain  and  its  combination  of  three  ac- 
celerations were  compared,  and  the  optimum  acceleration-velocity  vector  was 
selected.  Also,,  the  results  obtained  using  the  acceleration  was  included  in 
the  selection. 

The  above  selection  of  acceleration-velocity  gains  are  shown  with  the 
baseline  data  as  function*  of  radial  rats  and  radial  mean  ground  and  control 
system  (Figures  10  and  11). 
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Figure  9.  Computer  printout  sample 


Another  p«-r ; ormanc  c-  j ar.-iiu.-:  mar  w..*,  .inal  v.-red  in  altitude.  Sine',  'it 

v ns  .isk»  il  to  hi-  i.t-jr  ; '«•  i i!t  I ti«i«  <■>-  initiated  t,«  da- 

ri<r,  it  was  teit  r ii.it  • '...v  i tr  Inns  about  the  reference  altitude  shot: ' «• 

esent  oil 

• i.  ,-  ,ifvi.  in,  . !»••  i «ur>'.  !K-n  H ji  ku  • i v.a  • ,t  tt»t  yn'  < 

i i-ir  ground  (un.it  !•.  jtim  . was  v.stv  to  .‘.low  the  altitude*  deviation  a i-«r  **  t :,i 
uo  a condition  .i:>  ftint  r inn  ol  > n'rol  .sviuens  These  altitude  lev  i ,t  »«>.•; 
■ mv, i In  Figure  I.’.  

.ine  i ttier  psr.ittict  er  timi  w • • re^onic.i  t ,u  the  t in.e  required  by  thi  m • 

!ln-  : | n»e  be  «■  ’ .i*t;**-<  r rs  > ,-*•  i-  -vor  *.nt  ' l Uv  initiated  the  .. 

. i I I'm.  Dnr  i * t ; t*»  f»*  1 i ! 1 ! d'-'.:gn.  !r  vm.:  , >.  i •,-tcd  that  tin  ' r 1 

r«-qu  i r»-d  in  miiii".!'  i-  •”  l ' ! --r.  ■ I qi  1 1>»  i iii  it!»  .ivcuptable 
in  r be  mi  salon . ■’<  * h * ‘ i>  i.sr , /.All  or  Hint  U’liilJ  be  a v--  *i, 

sj  in  rerun! . i I f>  »■*  l r Iona  I * mo-*  results  It.  i 


if  (Se  three  t . ni  • • i • ■<■  > <•  . Hoped  I"  ft  I Af  A ftfit  IlNrrt  ! 

ut  i«  ini  alia*  t in*.  . . • . i ’ I - « *-«  1 1 *.-•  r inn  * i «>»*»<!  ti  lif  i he 

*d  i ,>r  tint,  a ('•)(*•  i ;•  t n-o  r<  H m inn, lion  of  f l<* 

•in.  the  eel  la  pi  »-n»  ni » t ‘ «••*<  » *•*>•  a 1 1 b M#  *eeel#tel  ' 

M/  vector  gains  t/.ai  g.-’'.-  '<  nor  i iUhi  < I ()//■■  Atttiffl,  t«: 

variables  were  ahaly7'0-  * f *•  ‘ i"**  workload  and  the  aircraft  attitu<_<-;  , 

■ ign  pilot  workload  was  t-  r nt---  ..  t J by  some  ''elaborate*  technique,  I 
srlck  rms  signals  wen.  roc  v • 1 . Th.  .e  are  shown  in  Figure  14  as 

■ t tons  of  rms  ground  posit,  lor.  < r.-ors  for  the  cases  of  acceleratlon-voicv  i 
, mentioned  above.  This  !.»-( hniquo,  although  not  a true  Indication  of  i 1 
■ad,  still  gives  an  indicat  i ■■n  of  :»i  lot  stick  movement  as  a function 
v - ii  as  well  as  position  .-it-i-nm.-v . 

Finally,  the  aircraft  attitude  and  attitude  rate  rms  and  range  values 
iti.w  In  Figures  15  through  18  as  functions  of  control.  The  selection  of  th 
. ,t  variables  was  to  evaluai  t tie-  .si  remit  responses  with  the  three  t.o.itr  •( 

.fiJS. 

OBJECT  PILOT  COMMENTS 

Before  the  actual  experiment  was  , onduotod,  a training  period  was  re - 
. (i.  During  this  training  p>  r * be  subject  pilots  flew  the  three  non 

■ , • s systems,  ASE,  SAS,  and  ti-'f;  w;ih  me  velocity  vector  and  position,  but 

■ i i .!<  >it  the  acceleration  vector. 

The  pilots  were  required  to  make  an  appicwuh  to  a hover,  and  at  his  dl*- 
i,  j -in  begin  the  data  collection,  ‘fht  subjectu  seemed  to  tiave  no  d if  f t <ut 
i , tha  ASE  and  HAS  ayatein.  however,  they  complained  strongly  about  Li,  i.ur.. 
i qualities  of  the  helicopter  wrtth  the  IAS  system.  They  felt  ..that  the  sys*- 
: ..tr,  was  "unnatural”  to  fly,  It  was  purposely  intended  to  have  such  large  <!.• 
/iutions  in  control  systems  in  order  to  determine  the  usefulneus  of  the  n 
e I •■•rat  Ion  vector. 


Because  of  the  difficulty  encountered  by  the  pilots  with  tuc  SAS,  most  of 
me  training  time  was  spent  on  thl  ■ control  system.  When  they  felt  that  they 
had  sufficient.  tim«.  on  SA'-',  tlien  ihe  balance  of  the  training  period  was  con- 
ducted with  the  acceleration  vector,  velocity  vector,  position,  and  each  one 
of  tne  three  contr.'J  systems.  Their  first  impression  of  the  acceleration  was 
that  it  was  t >o  "jerky,1"  that  is,  it  moved  too  fast  and  was  unpredictable. 

With  additional  training,  thev  began  to  become  more  confident  in  being  able  to 
use  the  acceleration  not  only  to  hold  position,  but  to  also  stabilize  and  im- 
prove the  handling  qualities  of  the  SAS  system.  The  comment  that  acceleration 
was  a must  with  the  SAS  svstem  was  3tated  repeatedly  by  the  subject  pilots. 

As  to  their  workload,  once  they  began  to  understand  the  use  of  the  ac- 
'elerat i.>n  vcTor,  they  did  not  seem  to  mind  the  jerkiness,  although  they  con- 
sidered tl  etnsel’'cs  to  be  "wording''  harder. 

In  summary,  all  subjects  agreed  that  thev  wanted  a medium  level  (2  ft/s*"/ 
in)  of  the  acceleration  vector  but  wnn>  not  really  sure  why  they  wanted  it  Jis 
played.  One  comment  was  that  witn  acceleration  displayed,  the  pilot  knows 
"where  the  stick  is  centered."  Another  comment  was  that  the  acceleration 
vector  "tells  him  which  wav  to  go."  Still  another  was  that  now  he  "does  not 
have  to  look  at  attitude  information. " 

In  the  comparison  of  pure  «n'iv-ler.it ton  versus  attitude  displayed,  their 
general  comment  was  the  attitude  derived  was  n<->re  predictable  and  less  sensi- 
tive, hut  they  felt  that  it  was  "sluggish"  compared  to  the  pure  «cce.le’*at ion 
cases. 


6 . DISCUSSION  OF  RESULTS 

The  goal. of  this  experiment  was  to  simulate  and  determine  the  optimum 
displayed  gains  for  the  accelerations  and  velocity  svmbology  as  a function  of 
three  different  control  systems.  The  results  of  the  simulation  were  to  be  in- 
corporated in  the  SAVE  precision  hover  flight  test  program. 

rhe  baseline  used  to  evaluate  the  potential  of  the  acceleration  vector 
was  taken  from  a previous  study.1  Hie  baseline  consisted  of  displayed  ground 
position  and  velocity  symbology  gains  of  5:1  ratio  per  inch  of  travel  on  the 
display. 

Using  the  above  as  a baseline,  the  cells  shown  it.  Figure  8 were  formed, 
included  in  those,  cells  were  two  velocitv  vector  gains  of  5 and  2.5  ft /ft,  .and 
three  acceleration  vector  gains  of  i ft /a**,  2 ft/s* , and  1.33  ft/s”  per  inch  c 
travel  on  the  display.  The  criteria  for  selecting  the  optimum  displayed  gain* 
wore  based  on  the  hover  performed  and  subject  pilot  comments.  The  averaged 
results  of  the  mean  standard  deviation,  rm*  and  range  (peak  values)  for  the 
four  subject  pilots  are  shown  in  bar graph  form  in  Figures  f-1  through  C- 
10.  A comparison  of  the  performance  of  the  throe  acceleration  gains  with  the 
three  control  system  and  the  two  velocitv  gains  .are  shown  iu  Figures  11  and 
12.  An  additional  comparison  ox  performance  is  made  of  the  attitude  with  the 
pure  acceleration  in  Figure  13. 
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In  general,  the  results  indicate  that  any  of  the  acceleration  gains  with 
either  velocity  combination  is  helpful  to  the  pilot  in  reducing  the  radial 
ground  position  errors  to  less  than  2.0  feet  (rms)  as  compared  to  the  baseline 
of  less  than  5 feet  (rms).  However,  the  radial  dispersion  in  ground  position 
performance  for  each  control  system  with  the  three  accelerations  and  the  two 
velocities  are  approximately  1.1  to  1.8  feet  SAS,  0.95  to  1.35  feet  ASE,  and 
0.65  to  1.0  feet  HAS  (Appendix  C,  Figures  C-14  and  C-15). 

The  only  significant  dispersion  in  radial  position  with  different  acceler- 
ation gains  can  be  found  with  the  SAS  system.  The  slight  differences  of  per- 
formance between  the  ASE  and  HAS  control  systems  with  the  different  accelera- 
tion gain  might  be  due  to  the  display  washing  out  the  effects  of  the  control 
.jystem  e ; well  as  the  acceleration. 

From  the  curves  shown  in  Figures  C-14  and  C-15,  and  pilot  comment  as  to 
the  preferred  acceleration  gain,  a selection  of  the  appropriate  cells  was  made. 
These  cells  were  judged  on  minimal  position  errors  and  consistency  throughout 
the  three  control  systems.  This  choice  along  with  the  baseline  cells  is  shown 
in  Figures  1 and  2,  following  this  discussion. 

Included  in  this  selection  are  pure  acceleration  gams  of  2 ft/s  and  the 
attitude  gain  of  4 degrees  per  second  per  inch  of  travel  on  the  display.  Both 
velocity  gains  were  also  selected  since  the  differences  in  position  error  is 
less  than  0.25  feet  for  the  above  mentioned  acceleration  gain. 

For  the  above  selection,  some  additional  analysis  was  peiformed.  The 
pilot’s  performance  in  descent  to  the  prescribed  hover  altitude  of  50  feet  was 
best  accomplished  by  the  displayed  attitude.  The  deviations  about  the  50-foot 
reference  were  less  than  3 feet  for  SAS,  1 foot  for  ASE  to  almost  zero  for 
HAS  (Figure  3), 

Another  variable  chat  was  recorded  was  the  time  required  by  the  pilot  to 
make  the  transition  from  approach  to  the  hover  maneuver  and  to  minimize  the 
position  error  to  his  liking  before  he  initiated  the  data  collection  program. 
This  parameter  was  of  interest  since  it  gave  some  baseline  information  as  to 
flight  time  required  in  the  terminal  maneuvers.  The  time  required  is  a function 
of  fuel  burned  ami  as  such  it  is  an  important  parameter.  The  results  of  the 
above  are  shown  in  Figure  4.  The  acceleration  with  the  tow  level  velocity  re- 
quired minimum  time!  26  seconds  with  SAS,  21  seconds  with  ASK,  and  19  seconds 
with  HAS.  There  is,  however,  no  appreciable  difference  between  the  results 
stated  from  those  of  the  baseline  cell,  bur  there  is  a significant  difference 
between  pure  acceleration  and  attitude  with  HAS  of  approximately  10  seconds 
increase.  One  explanation  for  this  increase  can  best  be  derived  from  pilot 
eofsaent.  The  pilots  felt  that  with  the  HAS  system  and  displayed  attitude  "the 
system  felt  sluggish."  The  pilots  had  adopted  a technique  of  small  control  in- 
puts from  approach  into  hover  for  flying  the  more  responsive  SAS  and  ASE  sys- 
tems. They  apparently  were  using  the  s/uae  technique  while  flying  the  HAS,  but 
this  system  is  much  more  dampened.  More  control  movement  was  required  Co 
achieve  higher  velocities  to  minimize  the  position  errors  quicker  and  the  sub- 
jects were  anticipating  driving  the  system  into  instability. 
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Pi'ot  workload  was  also  measured  by  recording  the  rms  stick  position 
( loagituu  Lna.1  end  lateral).  To  Figure  5,  the  results  of  the  baseline  and  the 
orevious  selected  c-  xls  arc  snovn  as  functions  of  rms  ground  position  and  rms 
control  displacement.  The  mot:L  obvious  observation  is  that  the  acceleration 
'xvtur  ft  duco---  the  ladial  poi-rti  e ■ ror  troir  approximately  5 feet  to  less 
rhan  1.1  fcet  and  the  cotifui  d i --ni  acement  from  0.75  to  0.5  'nches  rms  for  SAS. 
tor  the  ASE,  position  errors  reduced  from  1.8  feet  to  about  1 foot  without  any 
apparent  stick  displacement  improvement.  The  HAS  system  shows  improvement  in 
radial  ground  position  from  1.7  foot  to  less  than  1 foot  and  stick  displacement 
from  0.35  to  015  inches. 


Finally,  the  aircraft  attitudes  and  lutes  for  pitch  and  roll  for  the  se- 
’ acted  -iccelern-  ion  and  velocity  cells,  as  well  as  the  baseline,  are  shown  in 
'Igures  6 through  9.  Tn  general,  displaced  acceleration  or  attitude  with 
either  velocity  combinations  tend  to  reduce  or  dampen  the  aircraft  oscillations 
The  pitch  rms  attitude  was  less  than  0.4  degrees  and  pitch  rate  about  0.6  de- 
grees per  second  with  a negative  slope  as  a function  of  more  complex  systems. 
The  peak  values  for  pitch  attitude  and  rate  were  3 and  4 degrees  per  second 
with  the  same  general  negative  trend  with  more  complex  control  system.  The 
only  significant  improvement  (30-40  percent  with  displayed  acceleration  or  at- 
titude) in  aircraft  pitch  oscillations  can  be  observed  with  the  SAS  control 
systems.  The  acceleration  vector  tends  to  provide  the  dampening  required  to 
make  this  svstem  compatible  to  the  ASE  or  HAS.. 


In  the  roll  axis  (Figures  8 and  9),  the  acceleration  vector  seems  to  have 
a more  pronounced  effect.  There  is  generally  greater  than  50 -percent  reduction 
from  the  baseline  roll  attitudes  and  rates  for-  the  SAS  and  HAS  systems  and  ap- 
parently no  change  at  all  with  ASF..  The  reduction  is  equivalent  to  the  level 
of  che  ASE  system.  This  is  probably  due  to  an  increase  of  artificial  dampen- 
ing provided  by  the  acceleration  vector  and  along  with  the  1 TED  display  tend  to 
washout  the  effect  of  the  different  control  system. 

In  summary,  the  results  obtained  in  the'  TASS  Simulator  indicate  that  the 
acceleration  vector,  whether  its  pure  or  attitude  derived,  can  be  used  with 
different  control  system  augmentations  to  perform  precision  hover  casks  of 
less  than  1,5  feet  rms.  The  iindtng  also  shows  that  the  acceleration  vector 
with  the  IT  Eh  display  tends  to  washout  the  control  system  augmentations  as 
well  as  reduce  the  pilot  workload. 


CONCLUSIONS  AND  RECOMMEND AT  l 0 VS 


a.  reclusions.  Several  conclusions  can  be  made  from  the  experiment 
•data.,  the  resulting  data  analysis,  and  the  use  of  pilot  comment  - 

(1)  Displayed  ace cl  or  ;u  Ion  was  required  to  enable  pilots  to  satis- 
factorily stabilize  the  helicopter  model  when  equipped  with  a FAS  Slight  con- 
trol system. 

(2)  Mean  position  accuracies  in  the  order  of  l foot  and  lens  can  be 
obtained  with  manual  control  and  the  acceleration  vector  •■*:*  the  display. 

(3)  Differences  in  ground  position  errors  due  to  a variation  of  ac- 
celeration vector  gains  were  washed  out  by  the  HAS  system. 
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(4)  The  acceleration  vector  washes  out  aircraft  flight  variables  of 
rate  and  attitude. 

4 

(5)  Ideal  or  pure  acceleration,  velocity,  and  position  gains  of  2 

ft/s2:  2.5  ft/s:  12.5  ft/inch  displayed  were  found  to  give  the  minimum  radial 

ground  position  performance. 

(6)  The  approach  velocity  to  hover  had  to  be  restricted  to  less  than 
5 knots  in  both  axis  to  avoid  overshooting  the  target. 

(7)  The  acceleration  vector  was  a driving  device  in  forcing  the  pilot 
to  better  his  performance. 

(8)  Pilot  comment  was  that  the  acceleration  vector  made  them  "work" 

harder. 

(9)  The  pilot  performance  is  reduced  by  a factor  of  two  with  the  ac- 
celeration vector  and  the  SAS  system,  yet  the  rtns  workload  stick  movement  is 
identical  to  that  of  the  ASE  without  the  vector. 

(10)  The  average  time  required  by  the  pilot  to  minimize  his  errors  to 
an  acceptable  level  before  data  collection  is  initiated  is  about  20  to  25 
seconds. 


b.  Recommendations . It  is  highly  recommended  that  scans  of  the  results 
obtained  in  this  study  be  incorporated  and  flown  in  the  Research  Aircraft  for 
Visual  Environment  (RAVE)  flight  tests  to  include: 

(1)  Pure  acceleration  derived  from  the  gimbal  mounted  accelerometers 
2 ft/s~  per  inch  displayed. 

(2)  Attitude  derived  acceleration  2.25  ft/s^  per  inch  displayed. 

(3)  Low  velocity  and  position  sensitivity  of  5 ft/s:  12.5  ft/inch 
displayed  rather  than  the  high  velocity  sensitivity  of  2.5  ft/s  since  the  noise 
of  the  velocity  sensor  will  appear  on  the  display. 

(4)  If  possible,  to  disengage  the  AFCS  and  fly  the  aircraft  with  the 
SAS  and  the  acceleration  vector  or  attitude. 
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appendix  a 


HELICOPTER  ROOT  LOCUS  ANALYSIS 


• HEljCUPTER  MODEL 

The  linearised  eqeationa  o'  motion  for  the  CH-S3A  helicopter  need  in  the 
man/machine  simulation  and  the  analysis  are  shown  below. 
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The  dimensional  derivatives  for  the  hover  condition  used  in  the  simulation  and 
for  the  analysis  performed  are  indicated  below. 
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Using  the  above  stability  derivatives  and  the  root  locus  method,  an  anal- 
ysis was  performed  to  investigate  the  effect  of  displaying  acceleration,  vel- 
ocity and  position  on  longitudinal  manual  hover  performance.  The  analysis 
also  includes  the  effects  of  the  ASE  and  SAS  feedback  control  system  since 
these  systems  provide  the  inner  loop  closures.  The  block  diagram  below  shows 
the  ba&ic  matrix  set  up  used  to  solve  the  helicopter  equations  to  perform  the 
required  analysis. 
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where  A = Helicopter  Dynamics  Matrix 
B = Helicopter  Control  Matrix 
F - Helicopter  Feedback  Matrix 
K[)  - Display  Gains 
II  =»  Display  Dvnaeics 
Kp  « Pilot  Gain 
xc  « Position  Reference 
Xq  ■»  Position  Error 
X * Position  Output 

The  first  control  system  to  Ho  investigated  was  the  Automatic  Stabilisa- 
tion Equipment  (ASK).  This  «yst<sa  provides  pitch  rate  and  attitude  automat- 
ically and  is  represented  below . 

BIS  - + (0.57S  + 0.594)  A-l 

The  closed  loop  transfer  function  for  -/gj^  with  the  above  equation  in  the 
inner  loop  closure  becciees 


JL  - -A, 33  (S  t 0-QpOl)  (S  + 0.3)  _ A-2 

Bls  (S  + 0.026)  <S  + 5TV)  (S  -f  0.91  ♦ jljT) 
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The  dominant  roots  for  this  attitude  loop  closure  shown  in  Figure  A-l  is  the 
complex  pair 


S + 0.91  + jl.31) 

This  pair  of  closed  loop  roots  show  that  the  aircraft  has  a natural  frequency 
of  Wn  » 1.59  and  damping  ratio  F,  = 0.57.  With  this  attitude  or  inner  loop 
closed,  the  position  open  loop  transfer  functions  after  solving  the  matrix 
equation  for  X becomes 
BIS 

X « 32.8  (S  •+  0.3)  (S  ♦ 0.22  + j 2.07) A-3 

BIS  S (S  + 0.026)  (S  + 0.3)  (S  + 0.91  + jl.31) 

To  this  open  loop  transfer  function,  displayed  velocity  and  position  were 
added.  It  should  be  noted  that  the  simulation  study  as  well  as  this  analysis 
include  only  the  manual  precision  hover  task.  The  automatic  precision  hover 
was  not  covered.  This  technique  should  be  investigated  in  a future  study. 

For  the  manual  hover  task,  the  displayed  symbology  may  be  viewed  as  a 
feedback  device  with  displayed  symbol  gains  as  the  feedback  gains  of  ar.  auto- 
matic system.  The  first  set  of  symbols  displaying  velocity  anu  position  were 
determined  in  Reference  6 to  be  in  the  ratio  of  1.0:0. 2 (velocity:  position) 

and  may  be  expressed  as 

BIS  “ K..  (S  + Kx)  * 0.4  (S  •*-  0.2)  A -4 

The  sura  of  velocity  and  position  introduces  a lead  term  or  zero  in  the 
numerator  of  Equation  3 by  direct  substitution. 

Since  Che  pilot  is  the  active  controller  in  the  manual  hover  cask,  a 
pilot  model  is  required.  A simplified  model  which  assumes  the  pilot  to  oper- 
ate as  a pure  gain,  Kp  is  used.  It  is  also  assumed  that  the  pilot  utilises 
each  of  the  displayed  symbol  gains  in  the  ratio  that  they  appear  to  perform 
the  hover  cask.  The  new  open  loop  transfer  function  using  Equations  3 and  4 
and  the  pilot  gain  Kp  now  becomes 

X 32.8  <0.4  K ) <S  + 0.2)  (S  ■»  0.22  + j 2.07)  (S  + 0.3)  A- 5 

V“~  « v .... - 

15  S~ls  * 0.026)  (S  * 0.3)  <S  * 0.91  ± Jl.31) 


The  root  locus  of  the  above  transfer  function  with  varying  pilot  gains  is 
shown  in  Figure  A- 2, 

When  acceleration,  velocity,  and  position  are  displayed  in  the  r. cio  of 
1:.8: .16,  respectively,  the  feedback  control  equation  becomes 

S + K*)  - 0.5  <$2  H.8  S + 0.16)  A-6 


®rs 
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K*  S2  + 
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Figure  A-2.  Root  locus  of  X with  displayed  velocity  and  position 


The  vector  sum  of  this  equation  Introduces  a double  lead  term  in  the  num- 
erator of  Equation  3 by  direct  substitution. 

The  open  loop  transfer  function  using  Equations  3 and  6,  and  the  pilot  Kp 
becomes 


X - 32.8  (0.5  S.)  (S2  4 0.8  S 4 0.16)  (S  4 0.22  4 j2.07)  (S  4 0.3)  A-7 
BIS  S (S  4 0.026J  (S  4 0,3)  (S  4 0.91  + J1.31) 

The  root  locus  of  this  transfer  function  with  varying  pilot  gain  Kp  is  shown 
on  Figure  A-3. 

A comparison  of  Figures  A-2  and  A-3  indicate  that  there  is  no  significant 
improvement  in  controlling  position  for  low  pilot  gain  K«  with  and  without  ac- 
celeration. However,  as  the  pilot  increases  his  gain  (Xp  « 0.1),  the  damping 
of  the  dominant  roots  without  the  acceleration  displayed  (Figure  A-2)  tends  to 
be  reduced.  This  reduction  in  damping  forces  the  pilot  to  generate  additional 
lead  from  some  other  source  to  dampen  the  aircraft  positional  oscillations. 

The  analysis  of  displayed  acceleration,  velocity,  and  position  was  also 
carried  out  with  the  SAS  system.  The  closed  loop  transfer  function  for  8 
with  the  pitch  rate  in  the  inner  loop  is  Bjs 


8 » 4.33  (S  4 0.0001)  (S  4 0.3) A-S 

Bis  (S  + 0.3)  (S  4 1.85)  (S  - 0.008  4 j0.19) 

The  closed  loop  roots  are  shown  in  Figure  A~4.  It  should  be  stated  that  to 
generate  the  SAS  only,  the  attitude  loop  of  the  ASE  system  was  set  equal  to 
zero,  thus  proving  a SAS  system.  The  particular  gain  0.33  Qg  does  not  seem  to 
be  sufficient  to  make  the  system  stable.  This  unstable  closed  loop  system 
was  solved  for  the  manual  position  control  of  X which  is 

SIS 


X « 32.8  (S  4 0.3)  (S  4 ),22  ± J2.07)  A~9 

BIS  S <3*4  1.85)  (S  4 0.3)*  (S  - 07008  + JO.  19 

To  this  transfer  function  velocity  and  position  were  added  to  provide  a lead 
term  or  aero  shown  by 

BIS  * K*  <S  4 *v£)  * 0.4  <S  4 f.2)  A-10 

~X 


as  was  done  with  the  ASE  case.  The  open  loop  transfer  function  becomes 

X - 32.8  (Q.4  %)  (S  4 0.2)  (S  4 0.3)  (S  ± 0.22  t J2.07)  A-ll 

Bis  MS4T'$5)  (S  4 673)  (S  “0.008)  V J0.19) 


and  its  root  locus  is  s own  in  Figure  A-5. 
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Figure  A-5.  Root  locus  of  X with  displayed  velocity,  position,  and  with  SAS  only 


Acceleration,  velocity,  and  position  were  also  added  la  the  mm  ratios 
as  the  AS£  case 

BIS  * 0.5  (S2  + O.fi  S + 0.16)  A-12 

X 

This  displayed  function  provides  a double  zero  or  lead  term  to  the  pAlot.  The 
new  transfer  function  vith  as  the  pilot  gain  is 

X ^ 32.8  CO. 5 Kp)  (S2  4-  0.8  S + 0.16)  (S  + .3)  (S  -r  0.22  ± 12.07) 

B1S  * S (S  + 1.85)  (S  + 0.3)  (S  -0.008  + J0.19) 

A-13 


Its  root  locus  is  shown  in  Figure  A-6.  Acomparison  of  figures  A-5  and  A-6  in 
llcetes  that  for  low  pilot  gain  Kp  < 1.0,  the  position  Cvmtrol  with  only  vel- 
ocity and  position  displayed  is  unstable.  The  addition  of  acceleration  pro- 
vides the  pilot  with  enough  lead  time  to  cake  the  position  control  task  pos- 
sible without  instability  even  for  pilot  gains  < 0.1. 

In  summary,  this  analysis  shows  that  displayed  acceleration  does  increase 
positional  stability  and  damping.  It  also  shows  that  an  unstable  system  can 
be  driven  into  stability  with  less  demand  on  pilots  to  provide  high  gain  and 
lead  compensation. 

2.  STABILIZATION 

Three  control  systems  were  used  in  the  experiment.  The  feedback  as  weli 
■»s  the  forward  path  gain  are  shown  below. 

a.  Automatic  Stabilization  Equipment  (ABE). 

(1)  Pitch. 
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APPENDIX  B 


WIND  GUST  GENERATION 

A simplified  diagram  is  presented  to  show  the  first  order  filter  and  also 
the  analog  response  of  the  gust. 
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APPENDIX  C 


SUMMARY  OF  RAW  DATA 

Here  the  raw  results  obtained  from  the  four  subjects  are  presented  in 
Figures  C-l  through  C-15. 
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Figure  C-3*  Ground  position  ver-su*  ^ntr^i  svstt>ni  ,md  ceils  16,  17,  iB 
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arison  of  ground  position  versus  control  systems  and  three 
leration  gains  with  high  velocity  vector  gain 


Figure  C~I3»  Lostparison  of  pure  and  attitude  derived  acceleration  gains 
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